The aim was to study the long-term consequences of 1 week clindamycin administration regarding selection and persistence of resistance, resistance determinants and diversity of the Bacteroides spp. in the intestinal microflora.
Introduction
The dynamic and complex intestinal ecosystem is often affected by low and sub-inhibitory drug concentrations when a patient undergoes an antibiotic treatment, regardless of the infectious cause. Such disturbances can create an ideal environment for direct selection of resistant bacteria and enrichment of already present resistance determinants and resistant strains. The intestine may thus act as a reservoir of resistance genes, which can spread via both intra-and inter-species lateral gene transfer to transient and already present strains. 1 Clindamycin administration has previously been shown to markedly suppress the anaerobic microbial community [2] [3] [4] including members of the Bacteroides group, which account for 30% of the intestinal bacterial flora. 5 Some bacteria belonging to the Bacteroides genus are opportunists that can cause severe infections and often appear in mixed infections. An increasing rate of resistance to a wide range of agents, including clindamycin, has been demonstrated among Bacteroides spp. 6, 7 Mechanisms of resistance to clindamycin in anaerobes include mutations in the binding site of the ribosomal target, efflux pump mediated resistance and the erythromycin resistance methylases (erm) genes. Among Bacteroides spp., the most commonly occurring erm genes are erm(F), erm(G) and erm(B), although other genes within the group have been detected in Bacteroides spp. more recently. 8, 9 Resistance determinants, including the erm genes, are often carried on transmissible elements such as conjugative transposons and plasmids contributing to their spread. 8, 10, 11 Linkage of erm(F) and the tetracycline resistance gene tet(Q) on conjugative transposons has been described, and both genes are frequently found in clinical Bacteroides isolates. 8, 10 Resistance rates to different antibiotics are increasing in clinical isolates within the Bacteroides group, 6, 12, 13 which limits the therapeutic alternatives in the treatment of anaerobic and mixed infections. Resistance rates of up to 70% against tetracycline and up to 100% against ampicillin are reported. 6, 14, 15 Acquisition of tetracycline resistance is often mediated by the uptake of new resistance genes encoding ribosomal protection proteins, although other mechanisms also are of importance. 9, 16 Resistance to b-lactam antibiotics is most frequently mediated by b-lactamases, commonly encoded by cepA in clinical Bacteroides fragilis isolates, or infrequently by cfxA, which both contribute to high-level resistance. 17 Several other b-lactamases have also been described among the Bacteroides spp. 18 The main aim of the present investigation was to study potential ecological alterations in the intestinal microbiota up to 24 months after 1 week clindamycin administration with emphasis on emergence and persistence of resistant strains and resistance genes in intestinal Bacteroides spp.
Materials and methods

Experimental set-up and sampling
Eight healthy volunteers, who had not received any antimicrobial agents in the previous 12 months, were included in the study. Four of the subjects, A-D (3 females and 1 male, aged 31-49 years), received 150 mg of clindamycin capsules (Dalacin; Pharmacia, Stockholm, Sweden) orally four times daily for 7 days. Four subjects, E-H (3 females and 1 male, aged 33-58 years), who did not receive any antibiotics during the study period, were included as a control group, in order to follow the normal variation of the intestinal microflora over time. No specific dietary restrictions were made. None of the volunteers in the control group received any antibiotics during the entire study period of 2 years. Two of the subjects in the clindamycin group were treated for upper respiratory tract infections during the investigation period; Subject A received penicillin for 7 days after 13 months, and Subject D was treated with doxycycline for 7 days at 10 months post-clindamycin administration, i.e. 5 and 8 weeks prior to the subsequent sampling occasions, respectively. The samples from these subjects were closely monitored for any potential impact of this unplanned antibiotic exposure. The study was approved by the regional ethics committee of Karolinska University Hospital Huddinge, Stockholm, Sweden.
Faecal samples were collected prior to (day 0) and at the last day of clindamycin administration (day 7), after 2 weeks (day 21), subsequently every third month for 1 year, and then every sixth month up to 2 years post-administration (3, 6, 9, 12, 18 and 24 months). For the control group, faecal sampling was performed at corresponding intervals. The samples were stored at -70 C until analysis.
Assay of clindamycin concentrations
Concentrations of clindamycin in faeces (mg/kg) were measured in samples from days 0, 7 and 21, by the agar diffusion method using Antibiotic medium No 1 (Difco, Detroit, MI, USA) and Micrococcus luteus ATCC 9341 was included as a control strain.
Culture techniques
The faecal samples were diluted 10-fold to 10 -7 and inoculated on kanamycin-vancomycin-blood agar, selective for Bacteroides spp., and on non-selective blood agar media. The plates were incubated anaerobically (BBL GasPak Anaerobic System, Cockeysville, MD, USA) at 37 C for 48 h. Presumed Bacteroides colonies were enumerated and, if possible, 20 colonies of Bacteroides spp. were picked from each sample and stored at -70 C until assayed. In order to get representative isolates since only 20 colonies per sample were analysed, one experienced technician performed all microbiological analyses, and the colonies were chosen to mirror the different morphotypes with respect to their abundance in the cultured sample.
Identification of Bacteroides by phenotypic and genotypic methods
The Bacteroides isolates were morphologically identified to genus level and to species level by biochemical tests. 19, 20 As controls, the reference strains B. fragilis ATCC 25285, Bacteroides distasonis ATCC 8503, Bacteroides ovatus ATCC 8483, Bacteroides thetaiotaomicron ATCC 29741, Bacteroides uniformis ATCC 8492 and Bacteroides vulgatus ATCC 8482 were included. The clonal identity of clindamycin-resistant Bacteroides isolates (MIC 8 mg/L) was studied by rep-PCR. This method has previously been shown to be able to distinguish between strains of Bacteroides species. 21 The overall results of these analyses will be reported in a separate publication.
Antimicrobial susceptibility testing
The MICs of clindamycin, tetracycline and ampicillin were determined by the agar dilution method as recommended by CLSI, formerly NCCLS. 22 Breakpoints for Bacteroides spp. for clindamycin, tetracycline and ampicillin were R 8, R 16 and R 2 mg/L, respectively, as recommended by CLSI.
Real-time PCR
One microlitre of a bacterial colony was suspended in 100 mL of milliQ water, heated at 95 C for 15 min to lyse the cells and centrifuged (10 000 g) for 7 min. The supernatant, free from cellular debris, was stored at -20 C until used. All isolates were screened for the presence of resistance genes [erm(B), erm(F), erm(G), tet(Q), cepA and cfxA] using real-time PCR. Isolates expressing phenotypic clindamycin resistance, but that were negative for the specific erm genes tested, were also screened by universal erm gene primers E1/E2. Primers were designed using Beacon Designer 4.0 (PREMIER Biosoft International, Palo Alto, CA, USA). PCR amplification was performed using a Light Cycler (Roche Diagnostics, Mannheim, Germany) and Light CyclerFastStart DNA Master SYBR green I kit (Roche Diagnostics) with 3 or 4 mM of MgCl 2 and 0.5 mM of each gene specific primer. All primer sequences used for the real-time PCR are listed in Table 1 . PCR programs were as follows: initial denaturation for 600 s, amplification for 25-30 cycles with denaturation at 95 C for 5 s, annealing at 65 or 68 C for 8 s and extension at 72 C for 5 s. The transition rate was 20 C/s. Melting curve analysis was conducted in three segments: 95 C for 60 s, 67 C for 60 s and then increasing to 95 C. The transition rate was 20 C/s for the first and second segment and 0.1 C/s for the last segment. These programs were used for all genes. In addition, for erm(F) an initial profile using six short cycles of amplification, each with a descending annealing temperature (70 C-60 C), was used in order to get the amplified product. PCR products representing each of the genes erm(B), erm(F), erm(G), tet(Q), cepA and cfxA, generated by conventional PCR, were sequenced in order to verify the identities of the amplified genes. Prior to sequencing, the PCR products were purified using the QIA quick PCR purification kit (QIAGEN GmbH, Hilden, Germany) to remove free primers and nucleotides. Sequences were obtained using an ABI 310 Genetic Analyser according to the manufacturer (Perkin Elmer, Foster City, CA, USA).
Assay of efflux mediated resistance
Low-level clindamycin-resistant isolates (MIC 8 mg/L) lacking erm genes were tested for the presence of innate efflux pump-mediated resistance mechanisms by performing susceptibility testing on agar media with and without the efflux pump inhibitor reserpine (Sigma Chemical Co., St Louis, MO, USA), at a concentration of 20 mg/L. B. thetaiotaomicron ATCC 29741 and ATCC 29148 were used as control strains.
Results
Clindamycin concentration in faeces
The median clindamycin concentration on day 7 (the last day of administration) was 133 mg/kg (ranging from 89 to 185 mg/kg), while clindamycin concentrations were under the detection limit in all samples collected on days 0 and 21.
Quantitative alterations in B. fragilis group species over time
In the clindamycin-exposed group, median decrease in numbers of Bacteroides cfu was 3 log at day 7, the last day of antibiotic administration, while at day 21 the numbers were normalized to pre-treatment levels. In the control group the levels were more stable and Bacteroides isolates were continuously found at high numbers (median 10 8 cfu/g faeces) during the entire study period.
Species diversity
The most prevalent species in both groups was B. thetaiotaomicron, although the composition differed between the groups during the study period, and species such as B. vulgatus, B. uniformis, B. ovatus and B. fragilis were also found ( Table 2) . A decrease in species diversity was recorded after 
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clindamycin administration; while seven disparate species were identified at day 0, only two different species were detected at day 7. In contrast, high species diversity was seen over time in the control group, with at least five different Bacteroides species identified at each sampling occasion, in each subject. The median numbers of species in the subjects over time in the exposed group and control group were 4 (range 2-7) and 6 (range 5-7), respectively. After clindamycin exposure, clindamycin-resistant strains of B. thetaiotaomicron dominated the Bacteroides flora up to 24 months. While clindamycin-resistant B. thetaiotaomicron strains comprised 3% of the isolates pre-exposure, these strains made up 76% of the analysed isolates after 7 days. In the following samples, up to 18 months, the levels of B. thetaiotaomicron isolates resistant to clindamycin remained very high (mean 59%, range 40-98%). After 2 years, 34% of the analysed Bacteroides isolates in the exposed group were still clindamycinresistant B. thetaiotaomicron. The species composition over time in the non-exposed group is shown in Table 2 .
Resistance levels to clindamycin, tetracycline and ampicillin
The levels of clindamycin resistance over time for both groups are illustrated in Figure 1 . In the control group, 700 of the 701
Bacteroides isolates examined were susceptible to clindamycin. In contrast, a distinct increase in resistance to clindamycin was detected, from 7% pre-exposure to 95% resistant isolates directly after clindamycin administration. This was mainly due to selection of single resistant strains in each exposed subject. The overall results of the clonal analyses will be reported in a separate publication. The frequency of clindamycin resistance remained at an increased level at 75% 2 years after clindamycin intake. In three of the four exposed subjects (A, B and D) a similar pattern was revealed with 100% clindamycin-resistant isolates recovered from all samples collected at the end of administration and until 9 months. Notably, from these three exposed individuals, clindamycin-resistant genotypes, selected during the administration, could be identified up to 18 and 24 months postadministration. From two of these subjects, A and B, one clone each, identified by rep-PCR, that were susceptible to clindamycin at day 0 gained resistance within 2 weeks after the administration by acquiring erm genes, which were maintained over the entire study period. In Subject D, a single low-level clindamycinresistant, erm-negative, B. thetaiotaomicron strain (MIC 8 mg/L), which constituted 5% of the analysed colonies from day 0, came to dominate the Bacteroides community in all but one of the subsequent samples. According to the reserpine assay, a weak efflux pump mediated resistance might be contributing to the resistance in the low-level resistant strain, the MIC decreased by two dilutions in the presence of reserpine, compared to one dilution step in the control strains.
Resistance to tetracycline and ampicillin was compared for the treated and untreated groups over time. The results showed moderate to high levels of tetracycline resistance among the Bacteroides spp. in both groups at levels of 77% and 47% resistant isolates in the exposed and the control group, respectively (Figure 2) . Thus, tetracycline resistance was present both with and without coincident clindamycin resistance, although tetracycline resistance increased with the enrichment of clindamycin resistance, as compared to the control group where the clindamycin resistance was low, <1%, during the study period (Figure 2 ). Resistance to ampicillin was high in both groups, close to 100% at all time points (range 84-100%).
Unfortunately, two of the individuals in the clindamycin group received additional antibiotic treatment during the study period. The effects of these 7 day exposures to doxycycline and penicillin V, respectively, were carefully analysed regarding their potential impacts on resistance levels and presence of resistance genes associated with clindamycin, tetracycline and ampicillin resistance. In none of these subjects did the pattern observed in the samples preceding the treatment change significantly in these respects ( Table 3) .
Presence of resistance determinants
A selection of isolates carrying erm(F) and erm(G) genes following clindamycin administration was apparent among the exposed subjects, while no isolates carrying the erm(B) gene were detected ( Table 3 ). The erm(F) gene was detected in samples from two exposed subjects and erm(G) in isolates from another subject. None of the clindamycin resistance determinants screened for were found in the control group. The total presence of erm genes in analysed isolates in relation to phenotypic resistance to clindamycin is shown in Figure 2 . While high-level clindamycin resistance (MIC > 64 mg/L) in isolates recovered from Subjects Number of isolates A-C with few exceptions was associated with the presence of an erm gene, no erm gene was identified in the low-level resistant isolates (MIC 8-16 mg/L) collected over time from Subject D, even when using universal primers for the erm genes. Phenotypic tetracycline resistance was associated with tet(Q) genes in 99% of isolates from the exposed group and in 59% of isolates from the control group (Figure 2) . The level of isolates carrying tet(Q) rose directly after the clindamycin exposure from 42% to 74% (Table 3) . During the following sampling occasions (day 21 up to 24 months) a mean of 80% of the isolates were positive for the gene, thus the levels were still very high after 2 years when tet(Q) was detected in 84% of the isolates. In the control group, the mean total frequency of isolates positive for tet(Q) was 28% during the study period, the levels varied randomly between different sampling occasions (range 5-51%). A co-selection of tet(Q) and erm(F) genes was detected in Bacteroides isolates from Subjects B and C in the exposed group. At day 0 no isolates harboured both genes, 8% harboured erm(F) and 56% harboured tet(Q). At day 7, 55% of the Bacteroides isolates were found to carry both genes [91% were positive for erm(F) and 64% were positive for tet(Q)] and after 9 months 95% were positive for both genes, 100% of the isolates were positive for erm(F) and 95% were positive for tet(Q).
The ampicillin resistance determinant, cepA, was detected at low levels (6-8%) in the Bacteroides isolates, equally distributed over time in both groups, and no co-selection of the cepA gene was seen after clindamycin exposure ( Table 3 ). The gene was exclusively found in B. fragilis species. The cephalosporinase encoding gene, cfxA, was recovered from 5% of the isolates in the exposed group in high-level ampicillin-resistant B. ovatus and B. vulgatus strains (>256 mg/L), mainly originating from one subject.
Discussion
In the present study, faecal specimens from healthy persons were repeatedly sampled for 2 years, and by analysing the m o n t h s Figure 2 . Number of clindamycin-resistant (CLI-R), tetracycline-resistant (TET-R) and ampicillin-resistant (AMP-R) isolates over time, and prevalence of corresponding resistance genes in the clindamycin exposed group (a) and non-exposed group (b).
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Resistance in Bacteroides spp. Table 3 . Number of isolates positive for specific resistance genes over time, from each subject in the exposed and non-exposed group predominant Bacteroides species, using different microbiological and molecular techniques, the influence of 7 days of clindamycin administration was monitored regarding resistance, resistance genes and species diversity. While the numbers of Bacteroides cfu returned to pre-treatment levels within a few weeks after clindamycin exposure, dramatic qualitative alterations regarding species diversity and enrichment of resistant strains and resistance genes remained up to 2 years. There was also a decline in the variety of different Bacteroides species isolated, from seven different species pre-exposure to two species detectable at day 7. Resistant B. thetaiotaomicron dominated markedly forming up to 98% of the Bacteroides community in post-exposure samples. These findings were in contrast to the control group, representing a healthy gut flora, where a greater diversity of species was detected throughout the investigation period, which is in line with previous reports, 23 and clindamycin resistance levels were low. This apparent prolonged effect of clindamycin on Bacteroides diversity may have an impact on the maintenance of a healthy intestinal homeostasis. It is well known that clindamycin treatment is associated with an increased burden of Clostridium difficile infections and colonization by vancomycin-resistant enterococci, features which are both consequences of disturbed colonization resistance. [24] [25] [26] In spite of the short-term administration, a significantly increased prevalence of clindamycin-and tetracycline-resistant isolates persisted for at least 2 years. Resistance levels for clindamycin among analysed isolates exceeded 50% in all post-exposure samples, compared to 0-1% in samples from untreated subjects. This finding was unexpected and discloses the huge and deleterious consequences that may result from a common course of antibiotic treatment, routinely prescribed for uncomplicated conditions.
Enriched resistant strains were stably persistent in three of the exposed subjects for 18-24 months, indicating an adaptation and unaffected or restored fitness, although these strains all harboured an erm gene, either erm(F) or erm(G). The erm(F) and erm(G) genes are often associated with the Bacteroides genera and the frequency of clinical erm-positive strains have increased over the last few decades. 8 While a significant co-selection between erm(F) and tet(Q) was recorded in the present study, no correlation could be detected between the levels of cepA or cfxA and the other resistance genes studied.
The unplanned administration of penicillin and doxycycline did not seem to cause any detectable impact on the intestinal microflora of these patients. According to several studies penicillin is associated with no or only minor disturbances in the normal microflora, while doxycycline, despite not significantly suppressing the numbers of intestinal bacteria, has been shown to cause short-term selection of tetracycline-resistant strains. 27, 28 To our knowledge, this is the first study where the dynamics in the intestinal microflora of antibiotic-exposed subjects have been closely monitored up to 24 months regarding species diversity and resistance development, in relation to the natural fluctuations recorded in a control group. A persistent enrichment of resistant strains and erm genes was observed for up to 2 years after clindamycin administration, which emphasizes the importance of the intestinal flora as a reservoir of resistance genes.
